Anoxic soils, such as flooded rice fields, are major sources of the greenhouse gas CH 4 while oxic upland soils are major sinks of atmospheric CH 4 . Nevertheless, CH 4 is also consumed in rice fields where up to 90% of the produced CH 4 is oxidized in a narrow oxic zone around the rice roots and in the soil surface layer before it escapes into the atmosphere. After 1 day drainage of rice field soil, CH 4 oxidation was detected in the top 2-mm soil layers, but after 8 days drainage the zone of CH 4 oxidation extended to 8 mm depth. Simultaneously, the potential for CH 4 production decreased, but some production was still detectable after 8 days drainage throughout the soil profile. The vertical distribution of the methanotrophic community was also monitored after 1 and 8 days drainage using denaturing gradient gel electrophoresis after PCR amplification with primer sets targeting two regions on the 16S rRNA gene that are relatively specific for methylotrophic K-and Q-Proteobacteria, and targeting two functional genes encoding subunits of key enzymes in all methanotrophs, i.e. the genes for the particulate methane monooxygenase (pmoA) and the methanol dehydrogenase (mxaF). Drainage stimulated the methanotrophic community. Eight days after drainage, new methanotrophic populations appeared and a distinct methanotrophic community developed. The population structure of type I and II methanotrophs was differently affected by drainage. Type II methanotrophs (K-Proteobacteria) were present throughout the soil core directly after drainage (1 day), and the community composition remained largely unchanged with depth. Only two new type II populations appeared after 8 days of drainage. Drainage had a more pronounced impact on the type I methanotrophic community (Q-Proteobacteria). Type I populations were not or only weakly detected 1 day after drainage. However, after 8 days of drainage, a large diversity of type I methanotrophs were detected, altough they were not evenly distributed throughout the soil core but dominated at different depths. A distinct type I community structure had developed within each soil section between 0 and 20 mm soil depth, indicating the widening of suitable habitats for methanotrophs in the rice field soil within 1 week of drainage. ß
Introduction
Flooded rice ¢elds are a major source of the greenhouse gas CH 4 , thus contributing to global warming. The atmospheric CH 4 concentration (1.8 ppmv) has more then doubled during the last 200 years [1] . Although more than 90% of the CH 4 production is of biogenic origin, produced by anaerobic methanogenic archaea, the source strength is directly in£uenced by anthropogenic activity, such as by growing wetland rice [1] . About 80% of the rice harvest is grown under the more productive £ooded conditions (wetland rice) which produce about 25^60 Tg CH 4 year 31 [1, 2] . The estimated increase in demand for rice by the year 2020 of 65% calls for the development of strategies to reduce and control CH 4 emissions from wetland rice [2] . Hence, basic knowledge of the underlying processes is essential. One strategy to mitigate CH 4 emission is short intermittent drainage of the £ooded ¢elds [3, 4] . Methanogenesis not only stops immediately after anoxic reduced soil is drained or aerated, but in addition is suppressed after re-£ooding for a prolonged period, since aeration of the soil during drainage results in the regeneration of electron acceptors such as Fe 3 and SO 23 4 which then suppress CH 4 production [5^8].
In £ooded rice ¢elds methane oxidation is also an important regulator of CH 4 emission. Of the produced CH 4 about 30^90% is oxidized in the upper 2-mm oxic surface layer or in the oxic rhizosphere and thus is not emitted into the atmosphere [9^14]. Oxygen is a prerequisite for CH 4 oxidation. In non-saturated or aerated rice ¢eld soil, CH 4 mixing ratios s 500 ppmv are readily consumed by methanotrophs [15] . Both type I and II methanotrophs are present and active in rice ¢eld soils [16, 17] . In wetland soils, CH 4 , O 2 and NH 4 are proximal factors controlling CH 4 oxidation [18] . In rice ¢eld soil, especially CH 4 and NH 4 availability were shown as the key factors in£uenc-ing methanotrophic community structure and activity [17, 19] . Under certain conditions, even low atmospheric CH 4 concentrations (1.8 ppmv) can be oxidized by samples of rice ¢eld soil [20^22] .
In £ooded rice ¢eld soil, methanotrophic activity is con¢ned to a very narrow zone at the oxic/anoxic interfaces, serving as a ¢lter for CH 4 . Drainage alters soil conditions dramatically and may a¡ect the distribution and composition of the methanotrophic community, thus in£uencing CH 4 uptake. We therefore characterized the vertical distribution of the methanotrophic population structure during drainage of rice ¢eld soil cores.
Materials and methods

Incubation of the rice ¢eld soil cores
Air-dried and sieved (2 mm) rice ¢eld soil from Vercelli (Italy) was ¢lled in polyethylene boxes (10U20U10 cm) to a height of 7 cm. Four boxes (unplanted microcosms) were submerged in a water-¢lled container (80U40U20 cm) and incubated in a greenhouse under day (16 h)^night (8 h) alternation for 6 weeks at a soil temperature of about 25³C [19] , similar to ¢eld conditions in Vercelli.
The microcosms were taken out of the water and drained through 6-mm holes in the bottom of the microcosm under greenhouse conditions. One day after drainage, ¢ve soil cores were taken from two soil microcosms with a corer (diameter = 6 cm). Eight days later, ¢ve cores were taken from the remaining two microcosms. At each time point, one core was collected to determine potential methane production, three cores were used to measure methane oxidation activity and soil moisture content, and the ¢fth core (diameter = 1.6 cm) was immediately frozen at 320³C and sectioned for molecular analysis of the microbial community. This core was taken from the microcosm in which one replicate of the methane oxidation activity was assayed. The soil had a maximum waterholding capacity (whc) corresponding to a gravimetric water content of 44% (w/w).
Methane oxidation and production
The soil cores were sectioned by pushing the soil out of the corer and cutting it with a thin wire; the ¢rst 1-cm layer into ¢ve 2-mm soil sections, the next 2^4-cm layer into four 5-mm sections, and the last 4^5 cm-layer into one 1-cm sections. Soil sections were transferred into 150-ml glass £asks, closed with latex stoppers and incubated at 25³C. The oxidation of CH 4 was measured by repeatedly taking gas samples from the headspace initially containing ambient CH 4 mixing ratios (about 1.75 ppmv). Ambient concentrations were chosen to make the incubation time as short as possible (usually 2 days) and also to assess the ability of the soil to act as a sink of atmospheric CH 4 . Methane was analyzed by gas chromatography using a £ame ionization detector. Methane oxidation rate constants were determined by exponential curve ¢tting (Origin 5.0, Microcal), and CH 4 oxidation rates were calculated by multiplying the rate constants with a CH 4 concentration of 1.75 ppmv (ambient CH 4 mixing ratio). Potential CH 4 production was determined analogously, by incubating the soil sections under N 2 ( 6 3 days) and measuring the increase of CH 4 with time. Production rates of CH 4 were calculated by linear regression analysis. Rates are given per gram dry weight of soil.
DNA extraction
One rice soil core at each time point was sectioned into 300-Wm layers using a microtome at 320³C. Six soil sections within a`2-mm' soil interval were combined and mixed. The soil sections connecting two soil layer intervals (i.e. 1800^2100 Wm, 2900^3100 Wm, etc.) were not used to prevent cross-detection of organisms across the distinct depth layers. DNA extraction from rice ¢eld soil and from pure cultures of methanotrophs, modi¢ed after Morë et al., was described in detail by Henckel et al. [16, 23] .
PCR ampli¢cation
For PCR ampli¢cation we used two 16S rRNA-based primer sets modi¢ed and adapted for use in denaturing gradient gel electrophoresis (DGGE) [16,24^26] , the primer sets`MB10Q' and`MB9K', targeting methylotrophic Qand K-Proteobacteria, respectively. Further, two functional primer sets were used,`pmoA' and`mxaF', targeting the genes encoding subunits of the particulate methane monooxygenase (pMMO) and the methanol dehydrogenase (MDH), key enzymes present in all methanotrophs [16,24^26] . All used primer pairs had a GC clamp attached to the 5P end of the forward or reverse primer for subsequent DGGE analysis [16] . The primers and the PCR conditions for each primer pair are summarized in Table  1 Hamburg, Germany). The thermal cycling pro¢le consisted of an initial denaturation of 3 min at 94³C, followed by the number of reaction cycles indicated in Table 1 , ending with 5 min at 72³C for the last cycle. For PCR ampli¢cation with the primer set pmoA, PCR conditions were optimized using a touchdown program with a temperature decrease of 0.5³C per cycle during the ¢rst 20 repetitions (Table 1) . Aliquots (5 Wl) of PCR products were analyzed by electrophoresis on 3% agarose gels, stained with ethidium bromide. The PCR products from the di¡erent DNA extracts were obtained from the same PCR run and subsequently analyzed on the same DGGE gel.
DGGE
PCR products were separated using a DCode System (Bio-Rad, Munich, Germany) on 1-mm thick polyacrylamide gels (6.5% w/v acrylamide:bis acrylamide (37.5:1); Bio-Rad) prepared with and electrophoresed in 0.5U TAE, pH 7.4 (0.04 M Tris^base, 0.02 M sodium-acetate, 1 mM EDTA) at 60³C and constant voltage [16] . A denaturing gradient of 80% (v/v) denaturant corresponded to 6.5% acrylamide, 5.6 M urea and 32% deionized formamide. Gels were poured on GelBond PAG ¢lm (FMC Bioproducts, Rockland, ME, USA) to avoid gel distortion. Running conditions are summarized in Table 1 . Gels were stained with 1:50 000 (v/v) SYBR Green I (Biozym, Hessisch-Oldendorf, Germany) for 30 min, and scanned with a Storm 860 phosphor imager (Molecular Dynamics, Sunnyvale, CA, USA). The scanned DGGE gels were, as a whole, digitally enhanced with ImageQuant 5.0 (Molecular Dynamics, Sunnyvale, CA, USA) or Adobe-PhotoShop 5.0 (Adobe Systems Incorporated). For further analysis, DGGE bands were visualized in the SYBR Green Istained gels with blue light (V s 400 nm) using a Dark Reader transilluminator (Clare Chemical Research, Ross on Wye, UK). Individual DGGE bands were then excised, reampli¢ed, and reanalyzed by DGGE to verify band purity [16] . Excised MB10Q, mxaF and pmoA DGGE bands showed single DGGE bands when reanalyzed. The corresponding PCR products were used for sequencing.
Cloning of MB9K DGGE bands
PCR products of excised and reampli¢ed MB9K bands exhibited multiple DGGE bands when reanalyzed in DGGE. Therefore the MB9K PCR products were cloned using the pGEM-TEasy cloning kit (Promega, Madison, WI, USA). Randomly selected clones (eight per DGGE band) were ampli¢ed with a primer set targeting the vector sequence [27] . The puri¢ed PCR products of the cloned fragments containing the vector sequences were again ampli¢ed with the MB9K primer set to regain the original MB9K 16S rDNA fragment. These MB9K PCR products were reanalyzed by DGGE together with the original MB9K PCR product ampli¢ed from rice soil template. All cloned MB9K PCR products showed single bands by DGGE. Bands with equal electrophoretic mobility to a respective rice soil band were sequenced.
DNA sequencing and phylogenetic a¤liation
The reampli¢ed PCR products of excised DGGE bands were puri¢ed using the EasyPure DNA puri¢cation kit (Biozym, Hessisch-Oldendorf, Germany). Mixing ratio and purity of PCR products were determined after a 1:20 dilution in H 2 O by absorption at 260 nm and 280 nm using a GeneQuant spectrophotometer (Pharmacia Biotech, Upsala, Sweden). Sequencing reactions were performed using the ABI Dye-terminator cycle sequencing kit (Perkin Elmer Applied Biosystems) as speci¢ed by the manufacturer. Cycle sequencing products were puri¢ed from excess dye terminators and primers using Microspin G-50 columns (Pharmacia Biotech, Freiburg, Germany) and analyzed with an ABI 373 DNA sequencer (Perkin Elmer Applied Biosystems).
DNA sequences were analyzed and edited using the Lasergene software package (DNASTAR, Madison, WI, USA). The inferred amino acid sequences of the genes pmoA and mxaF were manually aligned with respective gene sequences retrieved from the GenBank database and phylogenetically placed with the ARB software package [28] . 16S rDNA sequences were automatically aligned and phylogenetically placed with the ARB software package [28] . The partial 16S rDNA sequences were added to a validated and optimized tree of about 5000 complete 16S rDNA sequences, while keeping the overall topology constant using the maximum parsimony method [29] . Phylogenetic trees of the amino acid-based gene sequences and the 16S rDNA sequences were constructed using distance matrix and maximum parsimony methods supplied by the ARB software package (http://www.biol.chemie.tu-muenchen.de/pub/ARB/). On the nucleic acid level, evolutionary distances between pairs of sequences were calculated by using the Jukes^Cantor and Felsenstein equations [30, 31] implemented in the ARB package. We deliberately refrained from showing bootstrap values in the trees, since these values not only vary depending on the sequences included in the calculation, but also between software and the implemented algorithms used. Phylogenetic trees are mathematical estimates and not`true' values and should be considered and referred to as such. Thus, bootstrap values give no additional information other than visualized by the tree itself.
Accession numbers
Sequences of partial pmoA and mxaF gene fragments and of 16S rRNA gene fragments of excised DGGE bands have been deposited in GenBank under the following accession numbers: AF277739^AF277744 (MB9K-RC1, 2, 3, 5, 6, 7); AF277731^AF277736 (MB10Q-RC1, 3, 5, 6, 7, 8); AF277728^AF277730 (pmoA-RC1, 2, 4); AF277737Â F277738 (mxaF-RC1, 2).
Results
CH 4 oxidation and production
One day after drainage the soil was still saturated with water. The soil water content exceeded 250% whc in the top 2-mm surface layer decreasing to 90% whc at 20 mm depth (Fig. 1A) . The retention of water in the top soil layers was probably caused by the thin algal mat which had developed on the surface of the microcosms. Thus the vertical moisture pro¢le resembled that of a rain-wetted soil. Ambient CH 4 was oxidized only in the top 2-mm soil layer (Fig. 1A) . However, CH 4 production occurred throughout the soil core when incubated under anoxic conditions. After drainage for 8 days, the water content had dropped to 68% whc at the surface and 54% whc at 20 mm soil depth, and atmospheric CH 4 was consumed between 0 and 8 mm depth (Fig. 1B) . The potential for CH 4 production under anoxic conditions had decreased dramatically, but was still detectable throughout the soil core (Fig. 1B) .
PCR ampli¢cation
DNA was extracted from 2-mm depth intervals collected from the drained soil cores 1 and 8 days after drainage, and used in PCR ampli¢cation. PCR products of the expected sizes were obtained by ampli¢cation with the functional primer sets pmoA and mxaF, and the 16S rDNA primer sets MB9K and MB10Q. PCR of DNA extracted from soil is often subjected to biases caused by humic acids and other PCR-inhibiting substances. The primer sets MB9K and pmoA produced PCR products with similar yields from all samples, indicating that the template DNA was readily ampli¢able and no obvious PCR bias was caused by di¡erent amounts of inhibiting substances contained in the template DNA of di¡erent soil depths and times. Ampli¢cations with the primer sets mxaF and MB10Q resulted in high PCR product yields only when DNA retrieved after drainage for 8 days was used as template, whereas only low (MB10Q) or no PCR product (mxaF) was obtained when DNA was extracted 1 day after drainage.
MB9K rDNA community pattern
The DGGE analysis of PCR products ampli¢ed with the MB9K primer set showed a qualitatively similar banding pattern irrespective of the soil depth and the time after drainage (Fig. 2) . DGGE band MB9K-RC5 was the most prominent band and appeared in all samples with similar intensity. The same was the case with bands MB9K-RC6 and MB9K-RC7 which, however, were not as intense as MB9K-RC5. DGGE bands MB9K-RC1, -RC2, and -RC3 were more distinct after 8 days than after 1 day of drainage. They were all found in the entire soil core (0^20 mm depth) except band RC3 which was not detected below 8 mm soil depth (Fig. 2) .
Sequence analysis of cloned MB9K bands showed that all bands grouped within the K-Proteobacteria (Fig. 2) . DGGE bands MB9K-RC5 and MB9K-RC6 grouped within the type II methanotrophs close to Methylosinus/Methylocystis. The most dominant band MB9K-RC5 was identical to sequences detected before in the rhizosphere of rice, in most probable number enrichments from the rice rhizosphere (RRII4, RRII3, ERRII2) [19] and in soil incubated under di¡erent O 2 and CH 4 mixing ratios (MO2) [17] using soil collected from the same ¢eld; band MB9K-RC6 was almost identical. Bands MB9K-RC1, -RC2, -RC3 and -RC7, on the other hand, were related to Caulobacter spp., Sphingomonas spp., Methylobacterium spp. and Rhodopseudomonas acidophila, respectively (Fig.  2) . MB9K-RC2 was related to DGGE band MO1 retrieved earlier from soil of the same rice ¢eld (Fig. 2) .
MB10Q rDNA community pattern
The DGGE analysis of PCR products ampli¢ed with the MB10Q primer was not clearly resolved 1 day after drainage and below 4 mm soil depth due to low PCR product yield (Fig. 3) . DGGE band MB10Q-RC8 was the most pronounced band, but only in the top 4-mm soil layer. After drainage for 8 days, however, PCR products were obtained at high yields, and the DGGE analysis showed a distinct banding pattern changing with soil depth (Fig. 3) . The community structure was di¡erent in almost every 2-mm soil section. The highest number of DGGE bands was detected between 4 and 8 mm depth, i.e. the depths at which activity of atmospheric CH 4 oxidation was detected (Fig. 1) . In the soil layers above 4 mm and below 8 mm depth, a smaller number of DGGE bands was detected indicating lower microbial populations. Bands MB10Q-RC1 to MB10Q-RC5 were missing or only Fig. 2 . DGGE banding pattern (A) obtained after ampli¢cation of DNA extracted from rice ¢eld soil cores using the 16S rDNA primer set MB9K targeting type II methylotrophs. Soil samples for DNA extraction were taken 1 day and 8 days after drainage at indicated soil depths. Bands marked were cloned and sequenced ; Mss : Methylosinus sporium. The phylogenetic tree (B) was constructed with the partial 16S rDNA sequences (392 bp) and related sequences from K-Proteobacteria. The partial sequences were added by maximum parsimony to a veri¢ed tree of complete 16S rDNA sequences without changing the tree topology. The scale bar represents estimated number of base changes per nucleotide sequence position ; MB9K-RC1, -RC3, -RC5 and -RC6: clones corresponding to the marked positions on the DGGE gel; MO1, MO2: MB9K DGGE band sequences retrieved from rice ¢eld soil incubated under di¡erent O 2 and CH 4 mixing ratios [17] ; LR1: high a¤nity type II methanotroph [36] ; K: acidophilic methanotroph [40] ; c1, ox3: clones retrieved from rice ¢eld soil incubated without and with CH 4 , respectively [16] ; RRII3, ERRII2 : clones retrieved from rice rhizosphere soil or from enrichment cultures [19] . barely detectable in the top layer between 0 and 2 mm depth, but intensi¢ed below 4 mm and were most pronounced below 10 mm depth (Fig. 3) . In contrast, band MB10Q-RC8 was most pronounced and intense at the surface and slowly disappeared in deeper soil layers, being absent below 10 mm depth, while band MB10Q-RC7 was most intense between 6 and 15 mm depth (Fig. 3) .
Sequence analysis revealed that all bands tested grouped within the Q-Proteobacteria (Fig. 3) . Bands MB10Q-RC1 and MB10Q-RC3 (most pronounced below 2 mm depth) Fig. 3 . DGGE banding pattern (A) obtained after ampli¢cation of DNA extracted from rice ¢eld soil cores using the 16S rDNA primer set MB10Q targeting type I methylotrophs. Soil samples for DNA extraction were taken 1 and 8 days after drainage at indicated soil depths. Bands marked were sequenced; Mcc : Methylococcus capsulatus. The phylogenetic tree (B) was constructed with the partial 16S rDNA sequences (392 bp) and related sequences from Q-Proteobacteria. The partial sequences were added by maximum parsimony to a veri¢ed tree of complete 16S rDNA sequences without changing the tree topology. The scale bar represents estimated number of base changes per nucleotide sequence position ; MB10Q-RC1, -RC3, -RC5, -RC6, -RC7 and -RC8: marked DGGE bands; (mm) : indicates from which lane on the DGGE gel the band was retrieved (corresponding to a particular soil depth); RRI1 and RRI4: clones retrieved from rice rhizosphere soil [19] ; III: MB10Q DGGE band sequence retrieved from rice ¢eld soil incubated with elevated CH 4 concentration [16] .
but also bands MB10Q-RC5 and MB10Q-RC6 (below 6 mm depth) grouped among the type I methanotrophs, closest to previously described clones (RRI1, RRI14) from the rice rhizosphere [19] , from rice ¢eld soil incubated under elevated CH 4 concentrations (MB10Q band III) [16] and to Methylobacter spp. (Fig. 3) . Bands MB10Q-RC7 and MB10Q-RC8, on the other hand, were most closely related to Thiocapsa roseopersicina or Methylophaga spp. (Fig. 3) .
mxaF DGGE community pattern
The DGGE analysis of PCR products ampli¢ed with the functional primer set mxaF showed after drainage for 8 days one dominant band mxaF-RC2 which was present in all depth layers (Fig. 4) . In the surface layers between 0 and 4 mm depth, a second faint band mxaF-RC1 was visible. Sequence analysis of the mxaF bands revealed that both mxaF-RC1 and mxaF-RC2 grouped among the type II methanotrophs, closest to the genus Methylocystis (Fig. 4) . Band mxaF-RC2 was identical to the mxaF sequence`mxaF band II' retrieved from rice ¢eld soil incubated under elevated CH 4 concentrations [16] . It was similar to`mxaF band III', to mxaF sequence`con2' retrieved from the rice rhizosphere (Henckel and Bodelier, unpublished data) and to two methanotrophic isolates from the rice rhizosphere (Frenzel et al., unpublished results), always using soil collected from the same ¢eld. Band mxaF-RC1 was identical to mxaF sequence`con11' and to the mxaF DGGE band sequences MO4 and MO5 retrieved from the rice ¢eld soil incubated under di¡erent O 2 and CH 4 mixing ratios [17] .
pmoA DGGE community pattern
The DGGE analysis of PCR products ampli¢ed with the functional primer set pmoA showed changes of the banding pattern with depth and time of drainage. One day after drainage, bands pmoA-RC1, -RC2 and -RC4 were detected in surface layers between 0 and 4 mm soil depth (Fig. 5) . Below 4 mm soil depth, bands pmoA-RC2 and pmoA-RC4 were faint and were absent below 15 mm soil depth. After drainage for 8 days, band intensity of pmoA-RC4 had increased and this band was most pronounced down to 10 mm soil depth. Between 2 and 4 mm depth an additional band appeared, which was not detected in any other soil sample (Fig. 5) . Band pmoA-RC1 was the most dominant band between 10 and 15 mm depth. Below 15 mm soil depth, no DGGE bands were detected.
Sequence analysis revealed that all bands tested (pmoA-RC1, -RC2, -RC4) grouped among the type I methanotrophs, closest to the genus Methylococcus (Fig. 5) . Band pmoA-RC1 was similar to pmoA population`pmoA band II' detected in rice ¢eld soil incubated under elevated CH 4 concentrations [16] .
Discussion
Methane oxidation activity, measured as uptake of atmospheric CH 4 , was con¢ned to the top 2 mm layer of £ooded rice ¢eld soil. Drainage of soil extended the vertical distribution of CH 4 oxidation down to 8 mm soil depth, albeit at decreasing activity. With decreasing soil water content, the methanotrophic community seemed to extend its zonation, presumably as O 2 became available to deeper soil layers. The CH 4 oxidation activities were in a similar range to those measured in wet meadow taiga and dry heath tundra soils from Alaska [32] . Nevertheless, the potential for consumption of atmospheric CH 4 was spatially restricted compared to the potential for CH 4 production. Methane production rates after drainage for 1 day were similar to those in £ooded rice soil microcosms [14] and were still signi¢cant, albeit low, after drainage for 8 days. Therefore, it is not surprising that rice soil microcosms did not act as a sink for atmospheric CH 4 even after drainage [22] . However, drainage resulted in a dynamic change in the methanotrophic community within the soil pro¢le, as revealed by molecular ¢ngerprinting and sequencing of the 16S rRNA, pmoA and mxaF genes. It should be noted that the molecular data were obtained on a single unreplicated soil core which, however, was taken from the same soil microcosm in which one of the activity pro¢les was measured. Therefore, we trust that the temporal and vertical trends in activity and community structure can be compared to each other.
Type II methanotrophs were detected throughout the soil core directly after drainage as shown with the MB9K primer set. The populations MB9K-RC5 and MB9K-RC6 were identical and very closely related to populations RRII3, RRII4, ERRII2 and c1 which had previously been detected in the rice rhizosphere of £ooded rice microcosms, bulk soil and rice ¢eld soil incubated under 50 000 ppmv CH 4 [16, 19] . The presence of the same type II methanotrophs in various studies indicates that these populations are dominant members of the type II methanotrophic community in Italian rice ¢eld soil and survive well periods of £ooding and anoxic conditions. Methanotrophs seem to survive better under anoxic than oxic conditions, this characteristic being more pronounced in type II methanotrophs [33] . We conclude that type II methanotrophs represented by MB9K-RC5 and MB9K-RC6 are generally present in soil layers even when CH 4 oxidation is not active.
Other populations that were detected with the MB9K primer set, e.g. MB9K-RC1 and MB9K-RC3, seemed to be con¢ned to the upper soil layers. However, these populations were phylogenetically a¤liated with non-methanotrophic methylotrophs, such as Caulobacter or Methylobacterium spp. and, thus, were probably not involved in CH 4 oxidation.
We have repeatedly found that the mxaF gene was not or just barely detectable in soil that was not actively oxi- indicates from which lane on the DGGE gel the band was retrieved (corresponding to a particular soil depth); con2, con11: mxaF DGGE band sequences retrieved from rice rhizosphere soil (Henckel and Bodelier, unpublished data); band II, band III: mxaF DGGE band sequences retrieved from rice ¢eld soil incubated with elevated CH 4 concentration [16] ; MO4, MO5: mxaF DGGE band sequences retrieved from rice ¢eld soil incubated under di¡erent O 2 and CH 4 mixing ratios [17] ; LR1: high a¤nity type II methanotroph [36] ; strains RP2, 5W: type II methanotrophs enriched from the rice rhizosphere (Frenzel et al., unpublished data) . dizing CH 4 ( [16, 17] , Henckel and Bodelier, unpublished data). One day after drainage we found that the mxaF gene was only detectable in the top 2-mm soil layer. After drainage for 8 days, however, mxaF-RC2, distantly related to Methylocystis spp., became detectable in all depths. This population grouped very close to type II methanotrophs which had been detected before in soil from the same ¢eld, i.e. band mxaF II [16] . However, it should be Fig. 5 . DGGE banding pattern (A) obtained after ampli¢cation of DNA extracted from rice ¢eld soil cores using the functional primer set pmoA targeting the gene of the K-subunit of the pMMO present in all methanotrophs. Soil samples for DNA extraction were taken 1 and 8 days after drainage at indicated soil depths. Bands marked were sequenced; Mst: M. trichosporium; Mss: M. sporium. The phylogenetic tree (B) was based on the derived amino acid sequences of pmoA and amoA gene sequences retrieved from pmoA DGGE bands, showing the relationship of the marked DGGE bands to other methanotrophs and ammonium oxidizers. The scale bar represents estimated number of changes per amino acid sequence position; pmoA-RC1, -RC2, -RC4: marked DGGE bands; (mm) : indicates from which lane on the DGGE gel the band was retrieved (corresponding to a particular soil depth); band II: pmoA DGGE band sequence retrieved from rice ¢eld soil incubated with elevated CH 4 concentration [16] ; LR1: high a¤nity type II methanotroph [36] ; AML-A6: type II methanotroph isolated from a land¢ll cover soil [41] ; HB: thermophilic methanotroph [42] .
noted that the mxaF gene is present in all methylotrophic species irrespective of whether they are able to oxidize CH 4 . Therefore, we cannot be sure that the populations represented by mxaF-RC1 and mxaF-RC2 are able to oxidize CH 4 .
The populations detected with the pmoA primer set have the gene for the pMMO subunit tested and thus should be able to oxidize CH 4 . Indeed, pmoA was mainly detected in the upper soil layers. After 8 days of drainage, pmoA-RC2 and pmoA-RC4 were not detectable below 81 0 mm depth, which corresponds to the soil depth down to which oxidation of atmospheric CH 4 was detectable. Similarly after drainage for 1 day, the pmoA DGGE bands were most pronounced in the top 4-mm soil layers and oxidation of atmospheric CH 4 was detectable down to 2 mm depth. However, it should be noted that CH 4 oxidation activity, albeit at elevated CH 4 concentrations, may also have occurred in soil layers that were unable to oxidize CH 4 at atmospheric concentrations. This possibility may explain why faint pmoA DGGE bands were also detectable in soil layers that were unable to oxidize atmospheric CH 4 . The sequenced bands pmoA-RC1, pmoA-RC2 and pmoA-RC4 were related to the genus Methylococcus, a type I methanotroph (also called type X [34] ) containing both the particulate (pMMO) and the soluble methane monooxygenase. Methylococcus contains multiple pmoA gene copies ; hence the number of pmoA bands does not necessarily correlate to the number of populations [16, 35] .
Interestingly, we detected in this study only the pmoA of type I methanotrophs. Consistent with the dominance of type I methanotrophic pmoA populations, drainage also stimulated the type I methanotrophic community that was represented by the 16S rDNA ampli¢ed by the MB10Q primer set. One day after drainage, distinct type I methanotrophs were not detectable below 4 mm soil depth and were only barely detectable in the top soil layers. However, after drainage for 8 days the type I methanotrophic community structure revealed distinct DGGE patterns with di¡erent type I populations dominating in di¡erent soil layers. During drainage, an opposite gradient of CH 4 and O 2 concentrations should exist in the soil core and the type I populations probably responded by growing at the respective optimum. Interestingly, the diversity of type I pmoA populations was not so pronounced in the top 2-mm soil layer, in which atmospheric CH 4 oxidation activity was highest, but instead diversity was most pronounced in deeper soil. Again, however, some of the MB10Q populations were also found in soil layers below the depth at which atmospheric CH 4 was oxidized. The detected and sequenced MB10Q populations were closest related to Methylobacter spp. This is in contrast to the pmoA populations which were closest related to Methylococcus spp.
Beside this discrepancy, we noted a number of other discrepancies compared to earlier studies using soil from the same rice ¢eld. One is that we detected in this study only the pmoA of type I methanotrophs, although both type I and II methanotrophs have been detected before with the same pmoA primer set [16, 17, 36] . Another discrepancy was that only the mxaF genes of type II methanotrophs were detected, although mxaF of type I methanotrophs had been detected before ( [16, 36] , Henckel and Bodelier, unpublished) . We have no explanation for these discrepancies. The seemingly con£icting results of the different molecular ¢ngerprints in this study demonstrate that a single molecular data set would not show the complete community structure but only open a narrow view of the system. Thus an additional molecular assay, whether molecular ¢ngerprint or clone sequence, provides additional information from a di¡erent perspective.
Recently, we have shown that type I methanotrophs were able to proliferate rapidly and dominate CH 4 oxidation in aerated rice ¢eld soil when CH 4 was supplied at low (1000 ppmv) mixing ratios, whereas type II methanotrophs only proliferated at high (10 000 ppmv) CH 4 mixing ratios [17] . However, type II methanotrophs were the dominant community in £ooded rice soil [19] . It has been suggested that type I methanotrophs dominate in environments that allow rapid growth of methane-oxidizing bacteria, while type II methanotrophs are more abundant in environments where growth rates are periodically restricted [34, 37] . Our results are consistent with this hypothesis. The community shifts following drainage were less pronounced with type II than with type I methanotrophs, indicating that type II methanotrophs had a better ability to survive but did not react rapidly to environmental conditions. Flooded rice ¢eld soil is characterized by relatively homogeneous soil conditions that are mostly adverse to CH 4 oxidation. However, high CH 4 production rates in deep soil supply high CH 4 concentrations at the soil surface layer where O 2 is also available and thus provide the optimum conditions for the proliferation of type II methanotrophs. After drainage, however, soil conditions become increasingly heterogeneous, CH 4 mixing ratios decrease and, thus, type I methanotrophs are favored. The simultaneous increase of populations with type II mxaF genes may be due to methylotrophs growing on substrates other than CH 4 .
In summary, our results suggest that drainage of rice ¢elds a¡ects the methanotrophic community structure, stimulating the development of type I methanotrophs. Methanotrophic populations able to oxidize low atmospheric CH 4 concentrations become active with increasing depth upon drainage. We never detected any of the novel methanotrophic groups that are believed to be responsible for uptake of atmospheric CH 4 in forest soils [38, 39] . However, it remains unclear which of the populations detected by molecular techniques were responsible for this activity in rice ¢eld soil. More generally, future research should assess the extent of gene expression among the methanotrophic populations and not only their presence.
